When walking, step length provides critical information on travelled distance along the ongoing path. Little is known on the role that knowledge about body dimensions plays within this process. Here we directly addressed this question by evaluating whether changes in body proportions interfere with computation of travelled distance for targets located outside the reaching space. We studied locomotion and distance estimation in an achondroplastic child (ACH, 11 yr) before and after surgical elongation of the shank segments of both lower limbs and in healthy adults walking on stilts, designed to mimic shank segment elongation.
Introduction
Body dimensions have to be taken into consideration by the central nervous system (CNS) for planning and execution of the desired movements. Reaching for an object in the external space requires coding of its relative position in egocentric coordinates. The visual system provides a major stream of information on objects' locations in terms of both direction and distance. For targets located outside the immediate reaching space, this information must be translated in an adequate locomotor pattern. Various studies in the domain of navigation and space representation (Mittelstaedt and Mittelstaedt, 1980; Berthoz et al., 1995; Loomis et al., 2001; Etienne and Jeffery 2004; Glasauer et al., 2007) indicate that humans can easily reach a target even when its vision is available only for brief periods, as could be the case when walking in a crowded or dimly lit environment. In these conditions, an internal map of the surrounding space has to be computed and used to guide displacement towards the memorized target (Berthoz and Viaud-Delmon, 1999; Mellet et al., 2000; Philbeck et al., 2004; Nico and Daprati, 2008) . The performance may be mediated by 'path integration' that relies on self-motion cues to track distance and direction (Mittelstaedt and Mittelstaedt, 1980) . When locomotion is involved, information on step length might represent a critical issue both in planning distance to travel, and in progressively updating information on the ongoing path while walking. It follows that afferent information derived from locomotion should be integrated with and related to body representation in order to provide correct cues on travelled distance. Indeed, internal representation and control of movement are based not only on the co-operative interaction between the various proprioceptive channels, but must also take account of the length of the various limb segments, a variable which is independent of muscles lengths and joint angles (Gandevia et al., 2002) .
To date, little is known on how information on dimensions of one's body-parts would be used by the brain when computing distance for locomotion. Here we evaluated the role of information on lower limb length in estimating distance by exploring the effects of surgical and mechanical manipulations of limbs' size. Treatment of several growth disorders in infancy (e.g., achondroplasia (ACH) as the most common form of short stature with disproportionately short limbs) can include use of a surgical procedure aimed at producing elongation of individual limbs' segments through slow progressive distraction of the bones (Cattaneo et al., 1988) . Achondroplasia is caused by mutation in the fibroblast growth factor receptor-3 gene (FGFR3) and appears in approximately one in every 10,000 births. To perform surgical limb elongation, an external steel cage is fixed on the bones throughout the procedure, which allows elongation by approx 1 mm a day (Ilizarov and Deviatov, 1971) .
Hence, detectable changes occur along a considerable period of time (6-12 months), during which the young patient acquires little dynamic experience on the modified limb dimensions, being obliged to use a wheel chair for displacements, and receiving mobilization of the lower limbs only through physiotherapeutic manipulations. Surgical limb elongation was shown to evoke a rearrangement of motor and somatosensory cortical maps of the expanded limbs (Di Russo et al., 2006) , suggesting that this condition could provide a reliable framework for exploring how proprioceptive information, distance estimation and body schema interact, following artificial growth of a body segment.
In the present study we assessed i) the pattern of locomotion and ii) the ability to plan displacements towards a memorized visual location in an achondroplastic child and in healthy adults walking on stilts, designed to match the modified limb proportions surgically produced in ACH. All participants were tested before and after the manipulation occurred. Results should allow a more detailed specification of the role of body knowledge in locomotion and path integration processing. Both ACH and adults walking on stilts showed comparable 6 changes in the limb kinematics and distance estimation. We argue that estimation of travel distance may rely on a priori knowledge about intrinsic dynamics of limb segment motion and evolutionary adopted proportional body characteristics.
Methods

Participants
A young male achondroplastic child and forty typically developing healthy individuals participated in this study. Informed consent was obtained from the adult participants and from the parents of the children after the procedures had been fully explained to them. The experimental procedures were approved by the ethics committee of the Santa Lucia Institute and conformed with the Declaration of Helsinki.
Case ACH
According to medical records, cognitive development for ACH had been typical. At the time of testing, he was 10 yr, on his 4 th year of primary school. Cognitive skills were within normal range for age and education, while physical development showed the signs of achondroplasia. ACH was 1.14 m tall, namely his height ranged below the 3 rd percentile for sex and age. The upper/lower body ratio and the proximal/distal ratio for the upper and lower limbs (see Table 1 ) were comparable to those of children of the same age group (Payne and Isaac, 2005) .
ACH had been selected for undergoing surgical elongation of both shank segments through Ilizarov technique (Ilizarov and Deviatov, 1971; Cattaneo et al., 1988) . He was tested 3 months before and 3 months after elongation was completed. The whole procedure lasted 13 months, and resulted in an increased length of both shank segments' by 22 cm. Height augmented consequently, while length of other body segments remained unvaried (see Table   7 1). Note that in the 3 months following the end of the elongation procedure the child had limited experience in walking: after cages' removal the shank segments were put in a plaster for an additional 3 weeks. Besides, motor activity after plaster removal involved mainly physiotherapeutic manipulations so that the child performed mostly only a few steps per day at the end of the 3 months period following cages' removal. At the time of the second testing ACH was 11.6 yr and had completed his 5 th year of primary school.
Control participants
Four separate groups of typically-developing healthy individuals, with normal visual acuity, participated as controls in the experimental sessions ( 70.1±7.1 kg) who were asked to perform the experimental task while wearing stilts designed to mimic limb segment proportions after shank elongation in ACH.
Procedure
All participants were tested in a large (11 m x 14 m) experimental room with a flat uniform surface.
Protocol 1 -Study of locomotion at different speeds
This protocol was used to characterize locomotor patterns in individuals of different body size and age, and to determine whether elongation modified the pattern of locomotion in ACH. Participants were asked to walk straight ahead with eyes open (with their shoes on) and were stopped after they had completed an approximately 8m-long path. They were asked to look straight ahead and to swing their arms as they would spontaneously do when walking with no particular purpose. On verbal instruction prior to start, subjects had to walk adopting what they considered a "slow pace", a "normal pace" or a "fast pace", respectively. Walking was repeated six times for each speed condition, for a total of 18 trials. In the case of ACH, after surgery, the number of recorded trials was reduced to 3 for each velocity condition (total trials = 9), due to fatigue.
Protocol 2 -Walking distance estimation
In this protocol, gait kinematics was recorded while participants walked towards the memorized position of a visually presented target ( Figure 1B ). The visual target (a red tennisball suspended on an invisible nylon thread at the level of the subject's eyes) was presented at one of three possible distances, straight-ahead from subject's frontal plane: 1.5 m, 2 m and 3 m. Participants were allowed to look at the target for 3-5s, in order to memorize its location.
Next, they were asked to close their eyes, walk at self-paced speed towards the target's location and stop when they estimated to have reached the position where they could eventually be able to touch the target with their forehead. To prevent collisions, the target was removed soon after participants had closed their eyes. Starting position relative to the room was varied from trial to trial to avoid adaptation. No feedback was provided about the performance at the end of each trial. Walking to target's location was repeated three times for each distance in a pseudo-random sequence of 9 trials. The whole sequence was performed twice, in separate blocks, with eyes open and closed (condition EO and EC, respectively).
Order of conditions was counterbalanced among subjects. Distance estimation in adults 9 walking without and with stilts was assessed in EC condition only. The visual target was presented at larger distances: 3, 4.5 and 6 m (since the limb length of adults was about twice longer than in ACH before shank elongation, Table 2 ).
Task order
Protocol 1 and 2, each lasting approx 1 hour, were performed in one session. ACH received both protocols twice, 3 months before he entered the surgical procedure (Preelongation session) and 3 months after surgery (Post-elongation session), respectively.
Controls belonging to group A performed only the locomotion task (protocol 1), those in group B1 and B2 performed the distance estimation task (protocol 2). Adults in group C performed both the first and the second protocol (in this order) twice, without and with stilts.
Before recordings, these participants were allowed to walk freely for 5-10 min on stilts, to familiarize with the device. The experimenter always walked aside the subject to prevent falling (which never occurred).
Stilts
In order to simulate biomechanical consequences of a disproportional increment in the limb size, we asked adult subjects (group C) to perform the experimental tasks while walking on stilts that displaced the 'functional' axis of ankle joint rotation during stance (schematically illustrated in Fig. 5A ) and thus elongated the 'functional' length of the shank segment. This type of stilts provided both mobility in the ankle joint and a stable base of support, so that all participants could stand and walk with eyes open and eyes closed. The subjects walked on stilts with their shoes on. The stilt for each leg (2.4 kg) consisted of a long (80 cm) wood stick and a rotational parallelepiped attached to its lower part. Its four axes of rotation represented hinge joints, so that rotation of the parallelepiped was possible only in the sagittal plane (Fig. 5A ). The shank segment was fixed to the upper part of the stick using an elastic band while the foot was fixed to the rotational parallelepiped allowing rotary motion in the ankle joint (Fig. 5A ). The dimensions of the rotational parallelepiped were 0.42×0.25×0.10 m (height, length and width, respectively). As a result of the 0.42 m shank elongation, the limb length in adults increased on average by about 1.55 times when walking on stilts, thus imitating approximately the total limb elongation in ACH (Table 1) .
Data recording
For each subject performing the locomotion task (protocol 1, i. For participants performing the distance estimation task (ACH, group B1 and B2, C)
only the head-front marker (H1) was applied, and was used as reference to assess participants'
responses (see below).
Data analysis
Performance of the participants was described according to the following parameters: a)
general gait parameters, including: walking speed, Froude number (i.e., walking speed normalized to the limb length, see below), stride length, limb length, b) main kinematic features of leg movement, as described by: amplitudes of hip, knee and ankle joint angular motion, and amplitudes of thigh, shank and foot elevation angles (Fig. 1A , Borghese et al., 1996) , c) maximal EMG activity, d) walked distance and error in the travelled path (the latter parameters applying only to protocol 2).
For the analysis of the locomotor pattern (protocol 1), the steps related to gait initiation and termination were discarded and only those performed in the central section of the path at about the constant speed were included in the analysis. Gait cycle was defined as the time between two successive foot-floor contacts by the same leg according to the local minima of the vertical displacement of the HE marker Ivanenko et al., 2007) .
Walking speed for each stride was computed as the mean velocity of the horizontal trunk movement (km/h), the latter being identified by time-course of the displacement of a virtual marker located at the midpoint between left and right IL markers. Froude number is a dimension-less parameter suitable for the comparison of locomotion in subjects of different size (Fr=V 2 /gL, where V is the speed of locomotion, g the acceleration of gravity, and L the leg length) (Alexander, 1989) . Stride length (m) was measured according to horizontal displacement of the foot maker (VM). Lower limb length (L) was calculated as thigh plus shank segment length. Data were time-interpolated over individual gait cycles on a time base with 200 points to allow averaging across steps. The kinematic (hip, knee, ankle joint flexionextension and thigh, shank, foot elevation angles) and EMG data for both legs were pooled together for the analysis since there were no significant differences in the kinematics between the two legs. Angular peak-to-peak amplitudes over the gait cycle were calculated.
EMG signals in ACH were numerically rectified, low-pass filtered with a zero-lag 4 th order Butterworth filter (cut-off 15 Hz) and averaged across steps in order to calculate the maximal muscle activity (Ivanenko et al., 2002) . It was assumed that skin characteristics (thickness, impedance) did not vary across sessions in subject ACH, and that surface EMG signals captured activity of similar groups of muscle fibres in both experimental sessions.
Walking distance was computed based on displacement of the marker placed on the head front (H1 marker) along the direction of progression. Error in the travelled path was also computed, as the difference between target location and location of the H1 marker, xcoordinate along the direction of progression. Final position was defined when the participant remained standing still, i.e. references for both feet became stationary; in case subjects performed correcting steps in the final part of the path, these steps were considered in computation of overall walked distance. The percent error was computed as the ratio of error in the travelled path to the nominal distance multiplied by 100%.
Statistics
Means and standard deviations from the mean (SD) were computed for the abovedescribed variables for ACH and for the control groups. Amplitude of angular motion and maximal EMG activity across all steps in the pre-and post-elongation sessions for ACH and angular motion in adults walking with and without stilts were compared by Student's t-tests.
Since gait kinematics is a function of both speed and limb length (Ivanenko et al., 2002) , the effects of changes in the latter parameter between the two sessions in ACH were assessed by comparing locomotor patterns that matched in terms of either speed or Froude number (see
For protocol 2, one-tailed t-tests were performed on error in walked distance in control subjects belonging to group B1 and B2 (protocol 2) to assess whether it significantly differed from zero, providing normative data on age-matched controls. Separate modified t-tests (Crawford and Garthwaite, 2002) were run to compare walked distance and the corresponding error in the EC and EO conditions between ACH and control participants (group B1 and B2).
A 2-way ANOVA (within-subjects factors being walking condition (without/with stilts) and distance (3, 4.5, 6 m)) was used to compare travel distance errors in adults walking normally and on stilts. Comparisons were reported significant for p<0.05.
Results
Locomotor pattern in ACH before and after elongation
Walking speed. Prior to elongation, when walking with eyes open at normal pace, ACH spontaneously moved at a speed of 3.17±0.27 km/h ( Table 1 ). The corresponding
Froude number was 0.23±0.03, thus being similar to that expected from the characteristic length of his legs (L). Indeed, Fr=0.25 corresponds to an optimal walking speed (optimal exchange between potential and kinetic energies of the centre of body mass) and typically reflects self-selected speed both in normal-sized adults and in subjects of short height, such as children, pygmies, and dwarfs (Cavagna et al., 1983; Minetti, 2000) . In contrast, after surgery, ACH walked more slowly at all self-selected speeds (Table 1) even though his limb length increased considerably: for instance, mean normal walking speed decreased to 2.04±0.22
km/h and the corresponding Froude number was also lower (Fr=0.06±0.01). In part, this decrement in normal walking speed could be a result of ACH's less stable gait, an adaptive behaviour that is common in other patient populations.
Leg kinematics. In ACH, kinematics changes between the pre-and the post-elongation session were assessed by comparing locomotor patterns with matching both speed and Froude number (Table 1) . In particular, a direct comparison was made between the slow-walking condition from the pre-elongation session (2.05±0.44 km/h) and the normal-walking condition from the post-elongation session (2.04±0.22 km/h). Similarly, comparable speed was recorded for the normal-walking condition from the pre-elongation session (3.17±0.27 km/h) and the fast-walking condition from the post session (2.94±0.11 km/h) ( Table 1) . As for matching
Froude number, comparable conditions in the pre-and post-elongation sessions were found in the slow-walking condition from the pre-session (Fr=0.10±0.02) and the fast-walking condition from the post-elongation session (Fr=0.11±0.02) ( Table 1 ).
The main kinematic features of the leg can be captured by the average waveforms of relative angles (hip, knee, ankle) and elevation angles of the limb segments (thigh, shank foot). Fig. 2A illustrates ensemble-averaged leg kinematics across all steps for the selected walking speeds (~3 km/h) in the pre-and post-elongation sessions and Fig 2B summarizes descriptive statistics on the amplitudes of angular motion at comparable walking speeds (typically 15-25 steps for each speed condition were analyzed). After surgery, the hip angle and thigh elevation angle displayed comparable motion amplitudes relative to those before elongation, while the distal segments and angles (knee and ankle joints, shank and foot elevation angles) showed significantly smaller excursions (Fig. 2B) .
A similar non-linear change in angular motion of distal and proximal segments was found also when comparing speed conditions with matched Froude numbers. EMG patterns. After elongation, smaller movements in the distal segments were accompanied by significantly smaller maximal EMG activity in the TA muscle (t (27) =-9.0, p<0.0001, Student's t-test) ( Fig. 2A ) and in the LG muscle (though not significantly, p=0.07) ( Fig. 2A, bottom) . EMGs of proximal leg muscles showed similar amplitudes in the pre-and post-elongation sessions (p>0.05 for both RF and BF muscles).
To summarize, compared to the pre-elongation session, the locomotor pattern of ACH after surgery was characterized by slower walking speeds, a modified inter-segmental coordination with smaller oscillations of distal vs. proximal leg segments and reduced activity of distal muscles. Furthermore, changes in the inter-segmental coordination suggest a modification of the intrinsic relationship between stride length and limb length. This issue is explored in more detail in the following section.
Relationship between stride length, limb length and walking velocity
We plotted the relationship between stride length and limb length for a given walking speed for control participants in group A and for subject ACH (Fig. 3) . Data from participants in control group A (typically developing individuals) indicate a monotonic relationship between limb length, stride length and walking speed (Fig. 3B-D , see also Grieve and Gear, 1966; Sutherland et al., 1988 ). An example for three control subjects is shown in Fig. 3B .
Namely, for a given walking speed (3 km/h) the relationship between stride length and limb length ( Fig. 3D) can be fitted by the linear function: y = 0.77·L + 0.48 (r 2 =0.80), where y refers to stride length, and L to limb length. When the case of subject ACH is considered, monotonic changes of the stride length with speed also emerged (Fig. 3A) . Given that limb length increased by 22 cm between sessions, from the previous equation, a 17 cm increment in the stride length were expected (Fig., 3D) . In contrast, ACH showed almost identical (if any, smaller) stride lengths in the post-elongation session compared to the pre-elongation session, in spite of a drastic growth of total limb length.
Walked distances and error
Right panels in Fig. 4A -B illustrate the performance in protocol 2 (walking towards a memorized target) for the two groups of typically developing children (control group B1 and B2). On average, both groups were accurate in reaching the memorized target in both the EO and EC conditions (see Table 3 for descriptive statistics). Error in the walked path did not differ significantly from zero for the three studied distances in both the EO and EC conditions (one-tailed t-tests, all p>0.3).
Left panels in Fig. 4A (all three distances were pooled together) in the pre-elongation session (within the 2SD range of controls, 18%) and -42±11% in the post-elongation session.
Locomotor pattern and travelled distance estimation in adults walking on stilts
The results of this experiment are presented in Fig. 5B and C. Compared to normal walking, changes in the kinematic pattern due to stilts' use ( Fig. 5B ) resembled those in ACH (Fig. 2,3 ). Adults walked slower on stilts even though their limb length increased considerably: mean normal walking speed was 2.20±0.66 km/h and 4.30±0.57 km/h when walking with and without stilts, respectively (p<0.05, paired t-test). Shank and foot segments oscillated markedly less during walking on stilts (p<0.05 for both segments, paired t-tests), while amplitude of thigh motion was comparable in the two walking conditions (Fig. 5B ).
Furthermore, subjects showed similar stride lengths when walking with and without stilts despite the 1.5-fold increment in total limb length produced in the former condition (Fig. 5B, lower panel).
Walking distance estimation was also modified while walking on stilts with respect to normal walking (Fig. 5C) . A 2-way ANOVA on travelled distance errors (walking condition × distance) revealed a significant effect of walking condition (F[1,5]=13.3, p=0.01): when walking on stilts, all adults significantly undershot the target (Fig. 5C ). The percent error in walking distance estimation in adults was -1±5% during normal walking and -15±6% when walking on stilts (all three distances were pooled together). In sum, even though the percent error in adults walking on stilts was smaller than that in ACH after shank elongation, nevertheless, the overall pattern of changes in the kinematic pattern and travel distance estimation (Fig. 5) showed similar behavior to that in the ACH subject ( Fig. 2-4 ).
Discussion
During normal development, body schema is constantly updated to continuous changing body dimensions. These monotonic increments occur relatively slowly, although there are some age-dependent fluctuations in growth velocity (see Payne and Isaacs, 2005) . In this study, we investigated the role played by implicit knowledge of body dimensions in locomotion and computation of walked distance when changes in body size are acquired artificially, following a non-developmental pattern. For this purpose, we analysed recovery of locomotion and walking to a memorized target in one achondroplastic child who underwent progressive elongation of the shank segment through Iliazorov technique and in adults walking on stilts, responsible for a comparable disproportional increase in limb length.
Results can be summarized as follows. 1) In both cases, the inter-segmental coordination changed markedly following limb elongation (Fig. 2) , and the normal relationship between limb and stride length was significantly disrupted (Fig. 3D) . In ACH, despite total limb length increased by >50% as a consequence of shank elongation, the child maintained his step length almost unvaried (Fig. 3A ) when walking at comparable speeds. Alterations were in the same direction for adults walking on stilts. 2) When locomotion was used to reach the location of a memorised target, the lack of variation in step length between the two sessions paradoxically resulted in shorter walking paths in both ACH in the post-surgery recording and in volunteers walking on stilts (Fig. 4, 5 ).
In the next sessions, we will separately discuss the effects of modifications of body size on locomotion and walking distance, respectively, as well as the interplay between these factors in path integration.
Locomotor patterns in the ACH child.
What is special in ACH gait? Given the disproportional increment of the limb length, one would expect to detect major changes in the locomotor pattern after elongation. In fact, prominent modifications were found in the relative changes of angular segment motion. The distal segments (shank and foot) showed much less oscillations relative to the pre-elongation gait while the proximal thigh segment displayed comparable oscillations (Fig. 2) . The same tendency in the relative amplitude changes was found between proximal (hip) and distal (knee, ankle) joint angles. The reduced movements in the ankle joint were accompanied by significantly smaller EMG activity in the TA muscle ( Fig. 2A ) likely due to a smaller foot dorsiflexion during swing. Comparable modifications were found in adults walking on stilts,
suggesting that the smaller oscillations in the distal segments were presumably a result of biomechanical constraints, i.e., larger inertia and length of the shank segments.
It is generally accepted that the normal dependence between stride length, limb length and walking speed is dictated by the pendulum-like motion of lower extremities and optimization of the mechanical energy of the centre-of-body mass (Cavagna et al., 1983) .
Based on values recorded from a population of typically developing individuals (Fig. 3D) , one would expect lengths of ACH strides to be about 17 cm longer than the actual recorded lengths. In contrast, stride length was significantly shorter in ACH in the post-elongation session (as in participants on stilts) when normalized to the limb length (Fig. 3A) , even though oscillations of the proximal (thigh) segments were unvaried (Fig. 2) . The implications 20 of these modifications in stride length for computation of travelled distance will be discussed in the next session.
Walking distance estimation
After limb elongation, ACH typically missed the target's location when walking with eyes closed, stopping his paces significantly before reaching its real position (Fig. 4) . It is unlikely that this error would depend on inability to properly encode distance, as ACH correctly performed the task in the pre-surgery session, and could still reach the target in the post-surgery one when allowed to walk with his eyes open (note that the target was not visible also in this condition). It's worth noting that proprioception, as clinically assessed postsurgery, was not affected, suggesting that ACH could adequately benefit from this information in both sessions. A possible explanation for the reported error could be that the shorter walking distances recorded after surgery resulted from the slower walking speeds adopted by ACH. In part, this reduction in movement speed could have depended on ACH's less stable gait in the after-surgery session, an adaptive behaviour that is common in other patient populations (Glasauer et al., 1994; Hoffman et a., 1997; Ditunno et al., 2000; Talis et al., 2008) . However, we think that this mechanism is unlikely to account for shorter paths for the following reasons. First, it is generally agreed that speed-related and stability-related influences on path integration are small (Glasauer et al., 1994) . Second and more important, slower walking speeds typically give rise to larger travel distances in normal individuals walking blindfolded (Bredin et al., 2005; Mittelstaedt and Mittelstaedt 2001) . This latter finding is at odds with the behaviour of ACH, as the child demonstrated significantly shorter locomotor distances while stepping more slowly (Fig. 4) .
Therefore, we suggest that the unusual locomotor distance estimation after elongation could depend on the interfering effect produced by changes in the limb kinematics. The limited motor experience acquired post-surgery likely prevented ACH from gaining sufficient dynamic knowledge about the modified limb length and its consequences on the motor pattern. Hence, when planning locomotion towards the memorized target, he could have consciously applied the information that his limbs were longer in the post-surgery session, thus planning a reduced number of 'expected' longer strides. As actual step length was shown not to vary in the two recordings (Fig. 3A) , this could account for the reduced distance travelled. Hence, locomotor distance performance after elongation could be caused by an 'erroneous' limb movement and step length representation. Moreover, even though walking on stilts can only partially imitate physiological consequences of shank elongation in ACH (e.g., the actual muscle lengths were not changed), the results (Fig. 5) were strikingly similar to those in ACH, suggesting a strong relationship between intrinsic limb dynamics and walking distance perception.
Limb size, locomotion and path integration
The cues by which different animals measure homing distance during terrestrial locomotion have not yet been definitely discovered, however, several studies indicate a major contribution of step integrator o pedometer rather than inertial cues or energy consumption related parameters (Glasauer et al., 1994; Mittelstaedt and Mittelstaedt, 2001 ). For instance, ants with elongated (stilts) or shortened (stumps) legs take larger or shorter strides, respectively, and concomitantly misgauge travel distance (Wittlinger et al., 2006) . In principle, a step integrator and a time-lapse integrator would both yield the same homing distances if the walking speed were kept constant (Glasauer et al., 2007) , however, the step length and stepping frequency need to be taken into account in the estimation of the walking speed. One might therefore hypothesize that an inherent relationship between step length, stepping frequency and walking speed (Grieve and Gear, 1966; Osaki et al., 2007 ) is a key relationship in the path integration mechanism.
Here, disproportional increment of the lower limbs was induced by selective elongation of the distal (shank) segment. This procedure had parallel consequences on both step length and distance estimation (Fig. 3-5) . In fact, the differences between actual stride length and the length of the foot path expected from 'normal' proportional increment of the limb dimension in typically developing individuals could well account for the observed walking distance negative errors in ACH (Fig. 4C, dashed line) . This implies dissociation between actual disproportional body schema and proportional dynamic body image. It is worth noting that usage of proprioception may differ significantly in static and dynamic conditions, since in the dynamic conditions the control system applies some rules that are context-dependent (Capaday and Cooke, 1981; Bullen and Brunt, 1986; Inglis et al. 1991; Cordo et al. 1995; Ivanenko et al., 1999 Ivanenko et al., , 2000 . For instance, stimulation of proprioceptors of the hamstring muscle may evoke illusory changes in the foot-on-trunk orientation during stepping but not during standing (Ivanenko et al., 2000) . What might be the reason for erroneous representation of the limb kinematics and/or step length?
This incomplete adaptation to modified limb proportions seems at odds with previous studies showing that somatotopic maps from the receptors to the cortex are not fixed or hard wired early in development but can be altered by experience (Ramachandran et al., 1992; Merzenich and Jenkins, 1993; Flor et al., 1995; Di Russo et al., 2006) . Moreover, the body schema in primates may incorporate external objects or tools (Lacquaniti et al., 1982; Tiemersma, 1989; Iriki et al., 1996; Berti and Frassinetti, 2000; Ivanenko et al., 2002; Solopova et al., 2003; Nico et al., 2004 ) expanding a central representation of the limb endpoint and resulting in a 'functional' elongation of the limb. Therefore, one could in theory expect rapid adaptation of motor performance to progressively elongated shank segments in 23 ACH or when walking on stilts in adults. The inconsistency could be explained by several considerations: first, adaptation might require longer experience than that offered in the present study, especially taking into account that we are much less habituated for using a 'tool' by the foot than by the hand. Second, no feedback was allowed in the present case, thus possibly preventing learning. Besides, using a tool might differ both functionally and neurophysiologically from changing our own body schema. For instance, we can estimate the weight of an external object in the hand but we cannot tell exactly what the weight of our own hand is. The same analogy could possibly be valid for body schema. We can incorporate a tool (Maravita and Iriki, 2004) or a support (Solopova et al., 2003) into our postural body schema, but our own limb proportions and self-motion representations can be 'conservative', at least as far as it concerns some physiological constraints or predicted sensory consequences of the action (Ivanenko et al., 1997; Indovina et al., 2005) .
We don't know how sensory information is dynamically processed to estimate step
length. Yet, evolutionary adopted proportional body characteristics and locomotor constraints may be implicitly incorporated in movement representation. There are elements of the locomotor body schema even in the spinal cord circuitry. For example, populations of spinocerebellar neurons encode global parameters of the limb kinematics, i.e., limb length and orientation, rather than specific local information about muscles or joints that might be expected from their sensory input (Bosco et al., 2000; Poppele and Bosco, 2003) . These neurones provide information to the cerebellum about foot motion and, apparently, segment length proportions should be implicitly involved in these computations. Thus, at different levels of the CNS there might exist the dynamic (locomotor) body schema based on inherent 'conservative' relationships between gait parameters and body dimensions.
Conclusions
Pattern of changes in locomotion and distance estimation following surgical procedure of shank elongation and stilt use suggest a strong relationship between intrinsic limb dynamics and estimation of locomotor distance. These findings are novel in two ways: first, they provide a description of how locomotor performance reorganizes after sizeable disproportional increment of the limb length. For instance, this might question usage of the Froude number (Alexander, 1989; Saibene and Minetti, 2003; Osaki et al., 2007) Asterisks denote significant differences (p < 0.05, Student's t-tests). Note significant decrement in the relative movement of distal segments comparing with that of proximal (thigh) segments in the post session. Negative error represents smaller travel distances. 
